For electrochemical systems such as solid oxide fuel cells (SOFCs) or solid oxide electrolyzer cells (SOECs), perovskites are widely used as cathode material for the reduction of molecular oxygen. At present, strontium-substituted lanthanum manganite, La 1-x Sr x MnO 3-δ (LSM), is used as standard SOFC cathode material for operation at high temperatures, whereas strontium-substituted lanthanum ferrite (LSF) is alternatively explored for medium-temperature SOFCs. Moreover, LSF is considered to be a potential candidate for oxygen separation membranes as the material reported interesting electrical properties. The design of new perovskite-type La transition-metal oxides is of significant technological importance in order to reduce the operating temperature to 600-800 °C and thus to reduce the SOFC system cost.
INTRODUCTION
Perovskite-type materials are widely applied for high-temperature electrochemical devices such as solid oxide fuel cells (SOFCs), solid oxide electrolyzer cells (SOECs), and oxygen separation membranes. The crystal structure of perovskite-type materials can tolerate extensive modifications regarding its composition and shows promising physical and chemical features. The A-and/or B-site cations can partly be replaced in order to improve physical and chemical properties such as electrical conductivity, catalytic activity, electrode-electrolyte compatibility, or thermal and mechanical stability, which can play an important role for diverse applications. Although the basic strategies for improving certain properties are understood, detailed investigations to reveal dependencies of physical and chemical properties on the chemical composition are still required.
Strontium-substituted lanthanum manganite, La 1-x Sr x MnO 3-δ (LSM), for example, is the state-ofthe-art cathode material for the reduction of molecular oxygen in high-temperature SOFC applications. Lanthanum strontium ferrite (La 1-x Sr x ) y FeO 3-δ (LSF) is becoming increasingly important due to its unique properties such as higher electronic conductivity and better oxygen transport properties compared to LSM. A-and B-sites substituted LSF are promising candidates for electrode applications in SOFCs and SOECs, as materials for catalysts as well as for oxygen separation membranes and sensors [1] [2] [3] [4] [5] [6] .
In the LSF crystal structure, cation substitutions are expected to be widely accommodated on the La site (A-site) as well as on the Fe site (B-site), resulting in modifications in the catalytic and electronic properties. LSFs with different levels of Sr substitution and co-substituted on the B-site with Ni or Cu were synthesized by a modified spray-pyrolysis process [7] [8] [9] developed in-house, enabling the production up to 3 kg batches per day of the desired composition. In this paper, the materials properties have been studied regarding phase purity and composition, sintering behavior, and compatibility with yttriastabilized zirconia (YSZ). The determination of the electronic properties and the linear coefficient of thermal expansion (CTE) has also been a focus of inquiry. This information is needed to evaluate the applicability of LSF as an electrode in solid oxide electrochemical cells, such as SOFCs and SOECs.
EXPERIMENTAL
A spray-pyrolysis device with a capacity of up to 3 kg powders per day was established for powder synthesis [11] . The set-up consists of an electrically heated furnace with a stainless-steel vessel equipped with a spraying nozzle in the center of the top cover. For the spray-pyrolysis process, water-based (deionized) high concentrated solutions of the requested compositions were prepared from solvated nitrates of La(NO 3 respectively. An adequate amount of gelatine (50 g/l) (Gewürzmüller, Germany) or citric acid (Fluka, Switzerland), was added to boost the reaction. The mixtures were homogenized on a magnetic stirrer at ~80°C for about 40 min. The precursor solution of the respective nitrates was sprayed into the hot furnace (25 ml/min) along with air (330 ml/min, air pressure 3 bar) for atomization of the solution. The furnace temperature was varied from 300 to 700°C for investigating the reaction conditions. The selected chemical compositions synthesized by spray-pyrolysis from nitrate-salt solutions are shown in Tables 1a and 1b. The synthesized powders were characterized by means of X-ray powder diffraction (XPD) (Cu-K α , PANalytical X'Pert PRO MPD). The particle size distribution (PSD) was measured by laser diffraction analysis (Coulter LS 230), the specific surface area determined by gas adsorption according to the Brunauer-Emmett-Teller (BET) method (Coulter SA 3100) in combination with an out-gassing station (Coulter SA Prep). The as-synthesized powder was dry-milled with Zr balls of 10 mm diameter and subsequently annealed at temperatures from 900 to 1200°C for studying the phase formation as a function of stoichiometry and annealing temperature. The final annealing temperature was selected by virtue of singlephase behavior of the various A-site and B-site stoichiometries. After temperature annealing, the powders were ground to the desired particle size D 50 < 1 µm by wet-ball milling in deionized water with Zr balls of 2 mm diameter.
For determining the optimal sintering temperature, a sintering furnace (Ceram-Aix, Nabertherm) and sinter dilatometer (Baehr-Thermoanalysis, 802S, equipped with Al 2 O 3 rods) were used. Sintering experiments were carried out on tablets of 13 mm diameter, pressed in an uniaxial press at 130 MPa. For the dilatometer measurements, bar-shaped samples of 3 × 4 mm and 10-15 mm in length were used. The heating rate for dilatometer experiments was 5 K/min up to sintering temperature and a holding time of 1 h. The sample was subsequently cooled down at a rate of 5 K/min.
The density of the sintered samples was determined by the Archimedes principle in water. Sintered samples of the size 5 × 55 mm were utilized for measurements of the CTE in air, using a dilatometer 802 S (Baehr Thermoanalyse GmbH, Germany) equipped with fused silica push rods. The change in length was recorded while the temperature was constantly increased by 5 K/min from room temperature to 1000°C and cooled down with 5 K/min.
For material compatibility tests, 1:1 mixtures of the various LSF compositions with 8YSZ powder were pressed to tablets of 13 mm diameter and annealed at 1100°C for 4 h and 800°C for 300 h, which corresponds to the potential sintering, respectively working conditions for SOFC cathodes.
The electrical conductivity was determined as a function of temperature in a 4-point configuration, using either a Milli-Ohmmeter RESISTOMAT 2318 (Burster Praezisionsmesstechnik GmbH & Co. KG, Germany) or a Keithley Multimeter Model 2750/E (Keithley Instruments, USA). Bar-shaped samples with a length of 25-35 mm and a cross-section of 3 × 4 mm were contacted using Pt-wires spring-loaded on the samples allowing that the voltage drop was measured over a fixed distance. To enhance the contacting quality, strips where painted below the contacts using Pt-paste (CL11-5100, W. C. Heraeus GmbH & Co. KG, Germany).
RESULTS AND DISCUSSION

Powder synthesis and characterization
Various synthesis parameters like furnace temperature for spray pyrolysis (300, 400, 500, 600, and 700°C), addition of gelatine or citric acid for boosting the reaction, and calcination temperature of the as-pyrolyzed powders were investigated. Principal process optimization has been carried out on the stoichiometric composition (La 0.8 Sr 0.2 )FeO 3-δ (P5), and thus the synthesized powders characterized in relation to PSD, specific surface area (BET), and phase composition (XRD) [7] . From this analysis, it was observed that the influence of the spraying temperature was negligible concerning surface area and PSD after calcination above 1100°C and a subsequent milling step. Thus, 500°C has been established as standard temperature for the spray-pyrolysis process, as it was found to be the ideal temperature for the stability of the process. As additional fuel for boosting the reaction, gelatine was selected due to the lower price and distinctly lower required precursor concentration when compared to citric acid.
For the stoichiometric composition (La 0.8 Sr 0.2 )FeO 3-δ (P5), a single-phase perovskite was obtained after calcination at 1200 °C (Fig. 1) showing orthorhombic symmetry (Pbnm) in agreement with the literature [12, 13] . At lower calcination temperatures, the secondary phases of LaFeO 3 and SrLaFeO 4 were detected as previously described in literature [10] . The under-stoichiometric compositions (La 0.8 Sr 0.2 ) 0.95 FeO 3-δ (P6) and (La 0.8 Sr 0.2 ) 0.9 FeO 3-δ (P7) were also single-phase perovskites after annealing at 1200 °C. In contrast the overstoichiometric compositions of (La 0. 8 (Fig. 1) . 
Sintering behavior and CTE
The influence of the chemical composition on the sintering and thus densification behavior was examined on perovskite powders which were calcined at 1200°C. While the understoichiometric compositions (La 0. 8 3-δ (P9) show only a small shrinkage rate. The shrinkage is related to the sintering behavior of the powders, which depends on the melting point. Thus, a higher melting point is observed for the overstoichiometric compositions. The stoichiometric compositions (La 0.7 Sr 0.3 )FeO 3-δ (P11) and (La 0.6 Sr 0.4 )FeO 3-δ (P12) proved to be close to the theoretical density when sintered at 1400°C for 4 h. Similarly, the density of the under-stoichiometric compositions P13, P14, and P15 are above 90 % after sintering at 1300°C for 4 h, but the density decreased when sintered higher than 1300°C, according to the lower melting point. For compositions with 20 % Ni substitution on B-site (Z6, Fig. 3 ), a density of 95 % could be achieved at 1400°C sintering temperature, whereas the composition with 20 % Cu substitution (Z10) could be sintered at only 1100°C to a density of 92 % as at higher temperatures the melting point was reached (Table 2 ) [14] .
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Electrode materials, electrochemical applications 2547 Table 3 displays the coefficients of linear thermal expansion CTE (calculated and experimental) for several stoichiometric and non-stoichiometric compositions in the temperature range from 20 to 1000°C. Note that the term "thermal expansion" is used here in a general way, since expansion may result not only from the prime thermal effect, but also as a secondary effect due to release or incorporation of oxygen in order to maintain the thermodynamical balance [10] . The expansion is found to be linear, and the CTE was 11.6 × 10 -6 K -1 for the compositions P5 (Fig. 4) , P6, and P8, measured between room temperature and 1000°C. Such a linear behavior was generally observed for materials with A-site deficiency and A-site excess if the Sr content is below x = 0.2. In contrast to the linear thermal expansion (P5), an increasing Sr content (P11, P12, Fig. 4 ) leads to a chemical expansion and thus to an increase in the relative length change at elevated temperatures as a result of the reduction of Fe 3+ to the larger Fe 4+ ion, causing an increasing oxygen non-stoichiometry. Release of oxygen creates additional vacancies, which can enhance the ionic conductivity [15] . For Sr contents of 30 and 40 %, two distinct temperature regions could be identified, resulting in apparent low-and high-temperature CTE values. A correlation can be stated for the interrelation of U. F. VOGT et al.
stoichiometric A-site compositions (P5, P11, P12). The CTE value and the relative change in length increases slightly with raising Sr content (Fig. 4) .
CTE measurements on Ni-substituted samples on B-site (Z6-Z9) show no significant influence on the relative length change, as they are all in the order of 1.35 to 1.45 % at 1000°C. The calculated CTE values determined for the almost linear expansion curves are summarized in Fig. 5 for LSFs which are non-stoichiometric on the A-site. Large deviation from stoichiometry decreases the CTE considerably from values around 12 × 10 -6 K -1 to <8 × 10 -6 K -1 . Thus, slight understoichiometry on the A-site is favored to adjust the CTE of the perovskite to YSZ electrolytes [12] . The Ni-and Cu-substituted (Z6, Z10) perovskites also match the thermal expansion coefficient of the standard 8YSZ electrolyte quite well.
Compatibility of LSF-8YSZ
Several LSF compositions and stoichiometries were investigated regarding reactions with 8YSZ, commonly used in SOFC systems. A mixture of LSF (P6) -8YSZ, (50/50 vol %) was annealed at 800°C for 300 h and at 1100°C for 4 h. While at 800°C/300 h, no material interactions could be detected by XRD, annealing at 1100°C/4 h showed a small peak shift of the LSF at 2Θ = 32.3°, corresponding to a unit cell expansion due to incorporation of Zr and/or Y cations into the perovskite structure as reported by Simner and Fossad [10, 12] . The under-stoichiometric compositions P 13, P14, and P15 show no secondary phases up to 1100°C due to La 3+ and Sr 2+ deficiency. Moreover, no peak shift was discernible at 800°C, respectively, 1000°C. At 1100°C, a small peak shift was observed, which may also correspond to a unit cell expansion. Stoichiometric mixtures of P11 and P12 with 8YSZ (50/50 vol %) show no reaction at 800°C/300 h, however, for annealing temperatures of 1000 and 1100°C/4 h, traces of SrZrO 3 as secondary phases could be located by XRD analysis.
Electrical conductivity
The conductivities as a function of temperature for LSFs with different stoichiometries of A-and B-site cations are shown in Fig. 6 . While for low temperatures, a semi-conducting behavior is observed, the conductivity goes through a maximum at intermediate temperatures. This effect is most pronounced for 5 % excess of Fe on the B-site, but least for 10 % Fe deficiency. The conductivity at high temperatures, e.g., at 800°C (Table 4) Table 4 Maximum conductivity σ max , the related temperature and the conductivity at 800°C, σ 800 ; relevant for the operation of a state-of-the-art SOFC.
